root (Nakajima et al., 2001) . Despite the importance of intercellular protein transport, 1 1 6 the underlying mechanism is still largely elusive.
7
To reveal protein transport mechanisms, efforts have focused on identifying there is no predicted secondary structure at the M8/9 region, and because it directly 2 7 9
follows the HLH region in TMO7, we directly inserted the M8/9 region after the 2 8 0 bHLH domain of bHLH138 and 151 to generate bHLH138-M8/9 and bHLH151-2 8 1 M8/9 respectively. The combination of M5 and M8/9 was also constructed as 2 8 2 bHLH138-M5/8/9 and bHLH151-M5/8/9 ( Fig. 4 ). All the chimeric bHLH138 and 2 8 3 bHLH151 versions except bHLH151-M5-GFP slightly gained movement ( Fig. 4B ).
8 4
However, compared to TMO7, movement of chimaeric bHLH138/151 was limited 
9 0
However, in contrast to a sole movement-restricting capacity of nuclear 2 9 1 localization, in our linker scanning analysis, we also often observed a lack of nuclear 2 9 2 protein in movement-defective mutants ( Fig. 3B and 5A ). This suggests that transport 2 9 3
into the nucleus may contribute to TMO7 transport. To test whether strong subcellular 2 9 4 localization interferes with the mobility of the protein, we generated TMO7-GFP 2 9 5 protein with SV40 nucleus localization (NLS) or nuclear export signals (NES) at the 2 9 6
N-or C-terminus of TMO7-GFP, respectively (NLS-TMO7-GFP; TMO7-GFP-NES).
9 7
Like in other mobile proteins (Balkunde et al., 2017; Gallagher et al., 2004;  2 9 8 Rodriguez et al., 2016) , the nuclear localization signal restricted TMO7 movement.
9 9
Surprisingly however, the NES also hindered its mobility ( Fig 5B-D) , suggesting that 3 0 0 entering as well as leaving the nucleus might be crucial for TMO7 transport.
0 1
In summary, the TMO7 family contains two major mobile cis-elements which 3 0 2 partially endow mobility of bHLH138/151 when transplanted. However, the mobility 3 0 3 strongly depends on subcellular localization; the strong NLS decreases the potential 3 0 4 of direct interaction between TMO7 and PD, while the result of the TMO7-GFP-NES 3 0 5
suggests that the import of TMO7 into nucleus is also critical for its movement. Given that specific motifs, as well as residence in the nucleus, seem important for 3 0 9
TMO7 movement, we hypothesized that TMO7 transport involves post-translational 3 1 0 modification. To start exploring this option, we first analysed the potential of Tyrosine residues, phosphorylation was predicted to occur on 8 (Table S2 ). Among 3 1 4 these, S39 and S42 are located within the M5 region ( Fig. 3A ). We therefore 3 1 5
substituted each and both of the Serine residues by Alanines to create 3 1 6 pTMO7::TMO7-S39A-, S42A-and S39, 42A-GFP, respectively. The subcellular 3 1 7 localization of TMO7 was not altered by the mutations, indicating that protein import 3 1 8
into the nucleus is not impaired by the mutation (Fig. 6A , B and C). Interestingly To address the importance of TMO7 transport, we first aimed to generate lost-of-3 2 5 function resources. Previously, we described a mild hypophysis division phenotype, 3 2 6
as well as a low-penetrance rootless seedling defect in lines that had the TMO7 gene TMO7, or alternatively it could be that the tmo7-1 and tmo7-2 insertion lines may not 3 3 1 represent null alleles. Thus, we generated mutants through CRISPR-Cas9 gene editing 3 3 2 (Tsutsui and Higashiyama, 2016) . We designed a short-guide RNA targeting the M5 3 3 3 mobile element and obtained 3 independent mutant alleles (tmo7-4, tmo7-5 and tmo7-3 3 4 6), each creating shorter and mutated predicted proteins ( Fig. 7A, B ). In all CRISPR 3 3 5
tmo7 alleles, we observed that root length was reduced compare to wild-type plants 3 3 6 ( Figure 7C , D). In addition, we consistently found hypophysis division defects in all 3 3 7 three mutant alleles (tmo7-4 = 12.4%, n= 331; tmo7-5 = 5.6%, n=302; tmo7-6 = 5%, 3 3 8 n=357; Col = 1.8%, n= 277; Fig 7E) . However, the rootless phenotype that was for tmo7-4 and tmo7-5, n>600 for tmo7-6). This suggests that the hypophysis defect 3 4 2 might later be repaired by a yet unknown mechanism in tmo7-4, -5, and -6 mutants.
4 3
One possibility is that the TMO7-like proteins act redundantly with TMO7;
3 4 4 alternatively and additionally, TMO7-like genes may be involved in later stages and 3 4 5
help generate an embryonic root following initial defects upon TMO7 depletion. In 1 2 genes were expressed at a level comparative to wild-type (data not shown). These 3 5 6
results are consistent with the notion that redundancy among TMO7-like genes may 3 5 7 contribute to embryonic root formation. In RNA suppression lines, multiple homologs 3 5 8
are affected, which may be the cause for the rootless phenotype. Clearly, a higher-1 3 pARF13::TMO7 expression ( Fig 8E; 14.4 ± 7.3% with pARF13::TMO7 compared to 3 9 0 6.0 ± 1.5% with pDR5::nGFP; n=7 and 9 lines respectively with at least 90 3 9 1 individuals for each line; p=0.0126 by two-tail student t-test). These results suggest 3 9 2 that the hypophysis division phenotype in the cals3-2d mutant is likely caused by PD 3 9 3 obstruction, which prevents TMO7 movement, but not auxin transport. Our findings 3 9 4 thus indicate that TMO7 mobility contributes to hypophysis division.
3 9 5 3 9 6 Discussion 3 9 7
3 9 8
In this study, we systematically analysed the mobility of a specific small bHLH 3 9 9
transcription factor family protein. We conclude that transport of TMO7 is sequence-4 0 0 dependent, but not primarily determined by protein size. Interestingly, the shuttling 4 0 1 into and out of the nucleus appears to be critical for mobility ( Fig. 5 ). We postulate 4 0 2 that this shuttling into the nucleus labels the protein for transport to other cells. The the serine residues (S39 and S42) in TMO7 were also predicted to be phosphorylated.
1 4
Replacing the residues by Alanine hampers the intercellular movement, which 4 1 5
suggests that phosphorylation might be a mark for intercellular transport (Fig 6) .
1 6
However, we cannot rule out the possibility that these mutations act independently of 4 1 7
phosphorylation by e.g. distorting the protein structure or preventing the interaction 4 1 8
with an unknown factor which might be critical for transport, but not for nuclear 4 1 9
import. Further analysis of the post-translational modification status of mobile 4 2 0
proteins will likely provide more insight to intercellular communication mechanisms.
1 4 directional transport property in the embryo, we found that TMO7 family proteins can 4 2 4 move from the root meristematic region into the root cap, but not in the opposite 2 8 highly enriched in the meristematic cells closest to the neighbouring QC ( Fig .1D ). It 4 2 9
is possible that these clusters of proteins are TMO7 with intercellular transport 4 3 0 markers but over the limit size for passing through PD. Interestingly, the stem cell 4 3 1 maintenance transcription factor WUSCHEL HOMEOBOX 5 (WOX5) has also been 4 3 2
shown to move from the QC into the columella stem cells, and no shootward transport which TMO7 family genes were misregulated ( Fig 7F) . It has been shown that the Microscopic and expression analysis 4 9 5
For imaging of roots, 5-d-old-seedlings were incubated in 10 mg/mL propidium 4 9 6
iodide solution for 1-2 minutes. GFP and propidium iodide were visualized by 4 9 7 excitation at 488 nm and detection between 500 to 535 nm and 630 to 700 nm, 
4 1
Expression levels were normalized to ACTIN2 (AT3G18780). The oligo-nucleotide 5 4 2 sequences are listed in Table S1 . Leica M205 FA microscope equipped with epifluorescence. The T1 inflorescence 5 7 5 apices were collected for genotyping (primers are listed in Table S1 ). The sequencing 5 7 6
results were analysed using web-tool TIDE (https://tide.nki.nl). The T2 generation of 5 7 7
the transformants with high genome modification probability were harvested and non-5 7 8 fluorescent seeds were grown for genotyping analysis. Homozygous T3 were selected 5 7 9
for embryonic and rootless phenotype analyses. that the QC and columella region in m2, m5, m8 and m9 region shows reduced or no 7 9 4
fluorescence. (C) Fluorescence ratio analysis of linker-scanning mutants, sample size 7 9 5 is indicated in materials and methods. Significant differences by one-way ANOVA 7 9 6 test are indicated by letters above bars (p<0.05). Scale bar = 25μm. 7 9 7 7 9 8 all the mutants. Note that the images were modified for visualization. Significant 
